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a  b  s  t  r  a  c  t
Occupant  presence  and  behaviour  in  buildings  has  been  shown  to have  large  impact  on  heating,  cooling
and  ventilation  demand,  energy  consumption  of  lighting  and  appliances,  and  building  controls.  Energy-
unaware  behaviour  can add  one-third  to  a building’s  designed  energy  performance.  Consequently,  user
activity  and  behaviour  is  considered  as a key  element  and  has  long  been  used  for  control  of various
devices  such  as  artiﬁcial  light,  heating,  ventilation,  and  air conditioning.  However,  how  are  user  activity
and behaviour  taken  into  account?  What  are  the  most  valuable  activities  or behaviours  and what  is their
impact  on  energy  saving  potential?  In order  to answer  these  questions,  we  provide  a novel  survey  ofctivity recognition prominent  international  intelligent  buildings  research  efforts  with  the  theme  of energy  saving  and  user
activity  recognition.  We  devise  new  metrics  to compare  the  existing  studies.  Through  the  survey,  we
determine  the  most  valuable  activities  and  behaviours  and  their  impact  on  energy  saving  potential  for
each of  the  three  main  subsystems,  i.e.,  HVAC,  light,  and plug  loads.  The  most  promising  and  appropri-
ate  activity  recognition  technologies  and approaches  are  discussed  thus  allowing  us  to  conclude  with
principles  and perspectives  for energy  intelligent  buildings  based  on  user  activity.©  2012  Elsevier  B.V.  All  rights  reserved.
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. Introduction
In the United States, buildings account for a surprisingly high
1% of energy consumption [1].  In 2004, building consumption in
he EU was 37% of ﬁnal energy, bigger than industry (28%) and
ransport (32%). In the UK, the proportion of energy use in building
39%) is slightly above the European ﬁgure [2].  Large and attrac-
ive opportunities exist to reduce buildings’ energy use at lower
osts and higher returns than in other sectors. These reductions
re fundamental to supporting achievement of the International
nergy Agency’s (IEA) target of a 77% reduction in the planet’s car-
on footprint against the 2050 baseline to reach stabilized CO2
evels called for by the Intergovernmental Panel on Climate Change
IPCC). Research by World Business Council for Sustainable Devel-
pment (WBCSD) in 2009 demonstrates that we can cut the energy
sed in buildings dramatically, saving as much energy as the entire
ransport sector currently uses.
Using more grid electricity from non-fossil sources (such as
olar and wind) will help to address climate change, too. But cut-
ing energy consumption is also vital because it helps to preserve
nite resources, lowers costs for businesses and consumers, and
an be accomplished relatively quickly. In addition, the contribu-
ion of non-carbon sources is likely to be constrained for several
ecades. Hence, to move towards a low carbon economy, making
more intelligent” use of energy in buildings will fundamentally
ontribute to energy and cost savings. Energy intelligent buildings,
hich facilitate intelligent control of the building, are becoming a
rend of the next generation’s commercial buildings.
Building energy and comfort management (BECM) systems are
ontrol systems for individual buildings or groups of buildings that
se computers and distributed microprocessors for monitoring,
ata storage and communication [3].  The general objective of a
ECM system is to fulﬁll the occupants’ requirements for comfort
hile reducing energy consumption during building operations.
eating, ventilation, and air conditioning (HVAC) control, lighting
ontrol, hot water control, and electricity control are commonly
een as required functions for the BECM system.
Occupant presence and behaviour in buildings have been shown
o have large impacts on space heating, cooling and ventilation
emand, energy consumption of lighting and space appliances,
nd building controls [4]. Careless behaviour can add one-third
o a building’s designed energy performance, while conservation
ehaviour can save a third [5],  see Fig. 1. One particularly interest-
ng example is an experiment regularly performed by the company
M at their headquarters in Minnesota: ofﬁce workers are asked to
witch off all ofﬁce devices, lights, etc. not in use during peak-price
eriods. The results of such that experiment were profound: the
uilding’s electricity consumption dropped from 15 MW to 13 MW
n 15 min  and further to 11 MW over 2 h [6].  This corresponds to a
aving of 26% in electrical energy. Though the results of this exper-
ment are remarkable, the savings depend on the conscious action
f the employees, which is not likely to be constant over time.
hus, recent research is focused on developing energy intelligent
uildings by integrating occupant activity and behaviour as a key
lement for BECM systems with which the buildings can automat-
cally turn off unused lights, computers, etc. This key element has . . . . .  .  . . . . . .  .  . . . . .  .  .  . . . . . . .  .  . . .  . . .  . . . . . . .  . . .  .  .  . . . .  .  . . .  .  .  .  . . . .  . . .  . . .  .  . . . . . 256
long been used for control of various devices like artiﬁcial light,
HVAC devices, etc. As an example, past research has shown that the
use of real-time occupancy information for control of lighting can
save a signiﬁcant amount of the electrical energy used for lighting
[7].
How are user activity and behaviour taken into account in
a BECM system? How does this key element play its so-called
important role in energy intelligent buildings? What are the most
valuable activities or behaviours and their impact on energy saving
potential? In order to answer these questions, we here study promi-
nent international projects on energy savings in buildings that are
based on user activity as the key element of the system.
We  start by introducing the criteria for BECM systems that
are evaluated in this survey (Section 2); the section also contains
the basic descriptions of the features that are used to evaluate
and compare the studies. The features are the types of energy
intelligent buildings, energy saving potential, activities taken into
account, approaches, and technologies. The actual comparisons of
the studies using these features are presented in Section 3, Sec-
tion 4, Section 5, and Section 6. Future perspectives on user activity
as an important part of energy intelligent buildings are discussed
in Section 7, which also provides conclusions.
2. Criteria and methods
The ﬁeld of intelligent buildings, intelligent homes, building
automation systems (BMS) encompasses an enormous variety
of technologies, across commercial, industrial, institutional and
domestic buildings, including energy management systems and
building controls. The function of building management systems
is to control, monitor and optimize building services such as light-
ing, heating, security, closed-circuit television (CCTV) and alarm
systems, access control, audio-visual and entertainment systems,
ventilation, ﬁltration and climate control, etc., even time and
attendance control and reporting (notably, staff movement and
availability). This often leads system developers to describe their
systems variedly, for example, part of ‘e-health’ or ‘home-care’
subsystems. Therefore, for this literature review, a set of selection
criteria needs to be introduced to identify studies in which BECM
systems based on user activity are covered.
2.1. Terminology
According to the research conducted by Wigginton and Har-
ris [8],  there exist over 30 separate deﬁnitions of intelligence in
relation to buildings while [9] discusses the best known academic
and technical deﬁnitions of the term intelligent building. Two most
of the most often accepted deﬁnitions are proposed by the Intelli-
gent Building Institute (IBI) of the United States and the UK-based
European Intelligent Building Group (EIBG). The IBI deﬁnes an intel-
ligent building as ‘one which provides a productive and cost-effective
environment through optimization of its four basic elements including
structures, systems, services and management and the interrelation-
ships between them’ [8].  While EIBG deﬁnes an intelligent building
as ‘one that creates an environment which maximizes the effectiveness
















tFig. 1. Energy-unaware behaviour uses twice as much e
f the building’s occupants, while at the same time enabling efﬁcient
anagement of resources with minimum life-time costs of hardware
nd facilities’ [8].  The IBI deﬁnition focuses more on the beneﬁt
f the owners and their desired indoor environment, while the
IBG one concentrates on the beneﬁt of the users and creating
esired indoor environment for occupants. Nevertheless, both def-
nitions also call attention to the beneﬁt of the managers and the
nvironmental and economic impact of creating desired indoor
nvironment. Therefore, an intelligent building can be comprised of
0 ‘Quality Environment Modules (QEM)’ (M1M10) [10]. The ‘QEM’
M1–M10) includes:
1. M1:  environmental friendliness – health and energy conserva-
tion;
2. M2:  space utilization and ﬂexibility;
3. M3:  cost effectiveness – operation and maintenance with
emphasis on effectiveness;
4. M4:  human comfort;
5. M5:  working efﬁciency;
6. M6:  safety and security measures – ﬁre, earthquake, disaster
and structural damages, etc.
7. M7:  culture;
8. M8:  image of high technology;
9. M9:  construction process and structure; and
0. M10: health and sanitation.With 10 key modules mentioned above, intelligent building can
e considered as one which is ‘designed and constructed based
n an appropriate selection of ‘Quality Environmental Modules’
o meet the user’s requirements by mapping with appropriate as the minimum that can be achieved (ﬁgure from [5]).
building facilities to achieve long term building values’ [9].  Each
appropriate selection of QEM forms one type of ‘intelligent build-
ing’, such as ‘smart house’ or ‘green building’.
Domotics, meaning automation of the house [11], is also often
used to indicate a home with mechanical and electronic automa-
tion facilities. More recently, the term smart house has emerged,
intending an intelligent building used for any living space designed
to assist people in carrying out daily activities [12].
Another type of intelligent building is the so called green build-
ing (also known as green construction or sustainable building).
Green building is the practice of creating structures and using pro-
cesses that are environmentally responsible and resource-efﬁcient
throughout the building’s life-cycle: from siting to design, construc-
tion, operation, maintenance, renovation, and demolition [13]. This
requires close cooperation of the design team, the architects, the
engineers, and the client at all project stages. The green building
practice expands and complements the classical building design
concerns of economy, utility, durability, and comfort. Although new
technologies are constantly being developed to complement cur-
rent practices in creating greener structures, the common objective
is that green buildings are designed to reduce the overall impact of
the built environment on human health and the natural environ-
ment by efﬁciently using energy, water, and other resources, by
protecting occupant health and improving employee productivity,
or by reducing waste, pollution and environmental degradation.
Green buildings often include measures to reduce energy con-
sumption both the embodied energy required to extract, process,
transport and install building materials and operating energy to
provide services such as heating and power for equipment. In this
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r zero-energy building) that from design, technologies and build-
ng products uses less energy, from any source, than a traditional
r average contemporary house.
.2. Inclusion criteria for studies
In this paper, the term ‘energy intelligent buildings’ refers to
uildings equipped with technology that allows monitoring of their
ccupants and/or facilities designed to automate and optimize con-
rol of appliances, in particular, lights, HVAC system, and home
ppliances, with the goal of saving energy. The term does not
nclude reference to the technologies used to help people to over-
ome dependence and health problems. For an intensive review of
mart houses whose major targets are improving comfort, dealing
ith medical rehabilitation, monitoring mobility and physiological
arameters, and delivering therapy, one should refer to [14].
Many energy efﬁcient buildings are designed to take advantage
f (1) cutting energy demand including the use of designs, mate-
ials and equipment that are more energy efﬁcient, (2) producing
nergy locally from renewable and otherwise wasted resources,
nd (3) using smart grids generating a surplus in some buildings and
eeding it into the grid. Nevertheless, these studies show limited
vidence of innovation in the area of activity based computing, thus,
hey are not discussed in this survey.
.3. Inclusion criteria for systems
The inclusion criteria for systems to be part of the survey are:
. Systems which feature:
• wearable, portable, or implantable devices;
• mobile or stationary devices, such as sensors, actuators or
other information and communication technologies (ICT) com-
ponents embedded in the structural fabric of the intelligent
buildings or everyday objects such as furniture, etc.
. Systems which have components with ‘activity recognition’ or
‘user behaviour’ in the sense of context awareness or decision
support properties.
. Systems that perform actions to save energy and satisfy user
comfort without human intervention or interaction.
.4. Search methods
This literature review includes published work that has under-
one peer review. Our search is restricted to articles in journals,
hapters of periodicals and proceedings of conferences written in
nglish and published between 1996 and 2012. Some web sites
escribing prototypes, projects and systems or devices are also
ncluded. Searches are conducted through IEEE Xplore, ACM Digital
ibrary, or using the Google search engine.
.5. Sectors and subsystems
We use “sector” to describe a global building type, such as an
fﬁce or a single family, while “subsystem” to describe a group of
ppliances which have the same or similar functionality, such as
ighting or HVAC system. Many surveys on energy consumption,
amely, [2,15,5,16],  and [1] share the same ﬁgures about energy
onsumption distributions on sectors and subsystems. According
o the survey of WBCSD [5],  three key sectors that collectively rep-
esent over 50% of building energy consumption world wide are
esidential houses, ofﬁces, and retails. The following proportions of
nergy consumption of subsystems in each sector are summarized
rom the above surveys.
Residential sector: The residential sector use signiﬁcantly more
nergy than commercial buildings and are responsible for over 40%Buildings 56 (2013) 244–257 247
of total buildings’ CO2 emissions [5].  Heating, ventilation and cool-
ing (HVAC) is the single largest contributor to a home’s energy bills
and carbon emissions, accounting for 43% of residential energy con-
sumption in the U.S. and 61% in Canada and the U.K., which have
colder climates [1,17,18]. In France, space heating and cooling have
the highest energy consumption at 60%, at the second place comes
water heating at 20%, followed and lighting and auxiliaries at 10%
each [5].
Offices : The ofﬁce sector is the largest in the commercial sector
in ﬂoor space and energy use in most countries. Heating, cooling
and lighting are the largest energy consumers in ofﬁces. The balance
varies depending on climate and the type or size of ofﬁce building,
but space heating is typically the largest one in the The European
Environmental Bureau markets. In the US, HVAC consumes 33% of
all ofﬁce energy, 9% of which goes to cooling system, followed by
interior lighting at 25% [1].  In Japan, heating accounts for 29% of
the total, the largest proportion, while cooling and ventilation con-
sumes 19% in total. Lighting and plug load share the same ﬁgure at
21% [16].
Retail: Retailing is growing and becoming more energy-
intensive as it develops from small shops to sophisticated malls. The
mercantile retail segment accounts for 16% of commercial energy
use in the US. In Europe, the total retail is responsible for 23% of
energy use in the commercial sector [5]. Retail’s main energy con-
sumers are HVAC and lighting. This is true in street shops as well
as malls, but cooling takes a larger share in malls than in smaller
shops.
2.6. Features for comparison
This review examines the studies based on several points of
view. Firstly, we examine the literature to determine the build-
ing types which their BECM systems most beneﬁt from taking
user activity into account. Next, the energy saving potential of
energy intelligent buildings based on user activity is investigated
followed by the summary of the most important user activities and
behaviours for BECM systems. Last but not least, methodologies
and technologies used for activity recognition or pattern predic-
tion are analysed in order to show the most appropriate methods
and technologies that are used for the sake of energy saving and
user comfort in energy intelligent buildings.
3. Energy intelligent buildings
We  select projects which have been deemed among the most
signiﬁcant from an international perspective and represent well the
whole ﬁeld, but the list does not have the ambition to be exhaustive.
We particularly focus in this survey the perspectives of user activity
as it is and will be an essential element of a BECM system. Table 1
summarizes the energy intelligent buildings discussed, along with
their focus on subsystems, i.e., HVAC, light, and plug loads. The
table also illustrates how energy intelligent buildings are classi-
ﬁed by mean of sectors, i.e., residential, ofﬁce, retail, and other. It
can be seen from the table that much attention has been given to
residential and ofﬁce sectors.
3.1. The residential sector
Many systems pay attention to residential sector, that takes up
to 40% of energy consumption. In the Vienna University of Tech-
nology, Austria, the ThinkHome project [19] has been designed to
ensure energy efﬁciency and comfort optimization. Primary targets
are functions that require comparably high amounts of energy, such
as HVAC, and lighting/shading in the home (domestic) environ-
ment. The users can be tracked using radio-frequency identiﬁcation
248 T.A. Nguyen, M. Aiello / Energy and Buildings 56 (2013) 244–257
Table  1
Energy-intelligent buildings and their subsystems.
Sector/Subsystem HVAC Lights Plug loads
Residential [34,60,24,35,30,47,36,19] [34,24,30,25,19] [34,28,23,31,27,30,25,32]
















































Others  [47,65,41] 
RFID) tags that allow determining the inhabitant’s position relative
o the building structure stored as static data [20,21], and [22].
The BeyWatch [23] project, led by the Spanish telecommunica-
ion company Telefonica, aims to reduce energy consumption at
he household level by developing and evaluating innovative user-
entric solutions to raise energy awareness and usage ﬂexibility.
eDIANA (embedded systems for energy efﬁcient buildings) [24]
s a research project co-founded by the ARTEMIS Joint Under-
aking Organisation and by National Authorities of each partner.
he goal of the project is to develop a technology (eDIANA plat-
orm) to improve energy efﬁciency and optimize household energy
onsumption, providing real-time measurement, integration and
ontrol. In eDIANA, users express their preferences and drive the
latform toward energy consumption optimization.
iSpace [25] is a student study bedroom that was built by reﬁtting
 room on the campus of the University of Essex, United King-
om. iDorm is an installation of gadgets, sensors and effectors in
 student bedroom. iDorm is a two-bedroom apartment with an
nstallation of sensors and actuators heavily inﬂuenced by iDorm
26]. iSpace furnishings are ﬁtted with intelligent gadgets that can
etect and learn the occupants behavior. The intelligent gadgets
ommunicate with each other, allowing groups of agents to coor-
inate their actions. The agent can intelligently remember the user
abits under particular environmental conditions and then make
hanges to the environment according to those habits.
The overall objective of the E3SoHo project [27] is to bring about
 signiﬁcant reduction of energy consumption in European social
ousing by providing tenants with feedback on consumption and
ffering personalized advice for improving their energy efﬁciency.
The project AIM [28] is a consortium of eleven partner organisa-
ions from ﬁve different European countries. The main goal of the
roject is to provide a generalised method for managing the energy
onsumption of household appliances that are either powered on
r in a stand-by state. The project AIM aims at developing a technol-
gy for proﬁling and optimizing the energy consumption patterns
f home appliances and providing concrete examples related to
hree application areas: white goods, audio/video equipments and
ommunication equipments. In terms of user activity, the project
evelops an event-based pattern detection algorithm for sensor-
ased modelling and prediction of user behaviour [29]. Behavioural
atterns (Markov model) are connected to building energy and
omfort management.
In France, the G-SCOP Laboratory of Grenoble for Sciences
f Conception, Optimisation and Production proposes a general
ethod to predict the possible inhabitant service requests for each
our in energy consumption of a 24 h anticipative time period. The
dea is based on the use of the Bayesian Network (BN) to predict
he user’s behaviour [30]. The authors use a database obtained from
esidential Monitoring to Decrease Energy Use and Carbon Emis-
ions in Europe (REMODECE)1 which is a European database on
esidential consumption, including Central and Eastern European
ountries, as well as Bulgaria and Romania.
The CASAS Smart Home project [31] is a multi-disciplinary
esearch project at the Washington State University focused on
1 http://www.isr.uc.pt/remodece/[65,62,41]
the creation of an intelligent home environment. The approach
is to view the smart home as an intelligent agent that perceives
its environment through the use of sensors, and can act upon the
environment through the use of actuators.
At the University of California, Kim et al. [32] present SPOT-
LIGHT, a prototype system that can monitor energy consumption
by individuals using a proximity sensor. The basic idea is that an
occupant carries an active RFID tag, which is used for detecting
proximity between a user and each appliance. This proximity infor-
mation is then used for energy apportionment, reporting the energy
consumption proﬁle in terms of useful/wasted power of each user
with each appliance (e.g. TV, living room lamp, etc.)
In Colorado, Michael Mozer uses a soft-computing approach
using neural networks to focus solely on the intelligent control of
lighting within a building [33]. Mozer’s system [34], implemented
in a building with a real occupant, achieves a signiﬁcant energy
reduction, although this is sometimes at the expense of the occu-
pant’s comfort.
Gao et al. [35] at the University of Virginia sought to use
coarse occupancy data (leave home, return home) to drive a self-
programming home thermostat. The occupancy information is
collected manually within one month then occupancy pattern is
built upon the observed data.
The authors in [36] utilize door and a passive infrared (PIR) sen-
sors for binary detection of occupancy for residential buildings and
examine reactive and predictive control strategies for thermostat.
The predictive strategy is achieved using a Hidden Markov Model.
The model estimates the probability of home being in one of three
states: unoccupied, occupied with an occupant awake, and occu-
pied with all occupants asleep.
3.2. The ofﬁce sector
In the context of the intelligent buildings project [37], a collab-
oration between a number of Swedish universities, Paul Davidsson
and Magnus Boman produce a multi-agent system (MAS) that
monitors and controls the lighting system in an ofﬁce building. In
the MAS, badge system agent (BSA) keeps track of where in the
building each person is situated and maintains a database of the
users’ preferences and their associations to persons (badges) [38].
In the context of the GreenerBuildings project [39], we propose
a recognition system that performs indoor activity recognition with
the goal of providing input to a control strategy for energy savings
in ofﬁce buildings [40]. Our solution uses a wireless network of
simple sensors (infrared, pressure and acoustic).
The SEEMPubS research [41] is funded by the European Commis-
sion, within the Seventh Framework Programme (FP7). SEEMPubS
aims at raising users’ awareness of energy consumption in public
spaces and at involving the users themselves in the global process
ﬁnalized to achieve the main objective, i.e. energy efﬁciency.
The EcoSense project [42] is a joint initiative of the i3A,
the Albacete Research Institute of Informatics and AGECAM, the
regional Energy Agency of Castilla La Mancha. The main objective
of the EcoSense project is to develop a methodology for the design
and deployment of monitoring [43] and control environmental
indoor systems built around wireless sensor and actuator networks.
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indow opening sensors [44]. Then occupancy information is used
o control heating system.
The FP7 EnPROVE project [45], which started in 2010, looks
nto how to predict the energy consumption of a speciﬁc building
ith different scenarios implementing energy-efﬁcient technolo-
ies and control solutions based on actual measured performance
nd usage data of the building itself. The outcomes of the project
ill consist of software tools that can plug into existing building
esign and management solutions as well as a prediction engine
nd a decision support engine that can interface with building usage
ata (from available sensors). The EnPROVE approach is based on
he monitoring of the building usage by a wireless sensor net-
ork to build adequate energy consumption models. Monitoring
uilding usage can be seen as looking at users (in particular, user
ehavior).
The ‘Positive Energy Buildings thru Better Control Decisions’ (in
hort, PEBBLE) Project [46] is another FP7 project supported by the
uropean Commission. The project is about utilizing harmoniously
nd most effectively all installed systems in a building, taking into
ccount human factors and adapting the decisions in (almost) real-
ime as and when uncertainties occur. The architecture considers a
uilding (renewable sources, passive systems, HVAC systems, and
sers) that interacts with control-decision and optimization tools
hrough an adequate networking/communication infrastructure.
The goal of the HOMES program [47], in association with the
rench Electrical Contractors’ Association (FFIE), is higher energy
fﬁciency for all buildings while maintaining or improving com-
ort. A variety of buildings are involved (ofﬁces, hotels, schools and
esidential buildings), new or existing, possibly refurbished, cover-
ng a surface area between 500 and 3000 m2. HOMES’s approach
akes into account the real occupancy of each zone in the build-
ng. HOMES systems to detect occupancy and number of people
nd anticipates unoccupied periods to just heating, cooling and
entilation strategies accordingly.
The University College Dublin, Ireland introduces LightWiSe
LIGHTting evaluation through WIreless SEnsors), a wireless tool
hich aims to evaluate lighting control systems in existing ofﬁce
uildings. LightWiSe uses two common sensing devices (1) a light
etector used for detecting ambient light and luminaries state and
2) PIR sensor to detect people presence [48].
The authors at Trinity College Dublin, Ireland examine the
ower management of users’ stationary desktop PCs in an ofﬁce
nvironment. The solution uses two simple location-aware poli-
ies that use the location context derived from detecting users’
luetooth-enabled mobile phones and tries to dynamically and
robabilistically assign each user a state from the set using, about
o use, not using in order to set the power state of the associated
C appropriately [49].
The University of Cambridge, the UK installs a personnel track-
ng system at the AT&T Research building in Cambridge, UK,
hich features an ultrasonic location system that provides three-
imensional tracking. The authors analyse the collected location
ata to form a picture of how people work and what energy sav-
ngs might reasonably be expected if we are able to prevent device
idling’ [50].
The BODE project [51] at the University of California deals with
ccupancy measurement, modelling and prediction for building
nergy savings. Bode project develops a system that tracks user
ovement in building spaces using a camera network solution
alled SCOPES (a distributed smart cameras object position esti-
ation system) [52,53].  Bode aims to develop a framework that
stimates and predicts user occupation of building spaces. This
nformation is used to save energy in various areas, most notably
VAC [54] and lighting.
Another research group at the University of California also util-
zes a deployment of PIR and door sensors to obtain a binaryBuildings 56 (2013) 244–257 249
indication of occupancy. In order to demonstrate the beneﬁts of the
presence system, they simulate an example building along with its
HVAC energy consumption [55].
The Institute for Research in Construction, National Research
Council Canada develops an ARIMA model to forecast the power
demand of the building in which a measure of building occupancy
is a signiﬁcant independent variable and increases the model accu-
racy. To gather data related to total building occupancy, they install
wireless sensors in a three-storey building in eastern Ontario,
Canada comprising laboratories and 81 individual work spaces
[56].
The University of California deploys a wireless camera sensor
network [57] for collecting data regarding occupancy in a large
multi-function building. Using data collected from this system, they
construct multivariate Gaussian and agent-based models for pre-
dicting user mobility patterns in buildings. Using these models,
they predict room usage thereby enabling to control the HVAC
systems in an adaptive manner [52].
The authors at the Colorado School of Mines propose a general
framework where building systems can share information in order
to optimize performance. Their prototype is currently deployed in
two graduate student ofﬁces on their campus, monitoring the occu-
pancy information for each room and several switched devices (e.g.
LCD displays, printer, speakers, desk lamp, microwave, coffee pot)
[58].
The Carnegie Mellon University proposes and demonstrates a
lighting control system with wireless sensors and a combination
of incandescent desk lamps and wall lamps actuated by the X10
system [59]. The system satisﬁes occupants’ lighting preference
and energy savings by maximizing the modelled personal light-
ing utility function and building operator’s utility function. In their
scenario, where the occupants are equipped with sensor badges,
it is possible to achieve relatively accurate localization using, for
example, RFID tags.
Also coming from the Carnegie Mellon University, Bing Dong
develops an event-based pattern detection algorithm for sensor-
based modelling and prediction of user behaviour. They connect
behavioural patterns (Markov model) toward HVAC system control
[60].
The authors at the IBM Thomas J. Watson Research Centre pro-
pose a high-level architecture for smart building control system
[61].The policy of building’s management takes users’ preference
into account when adjusting the system’s operation. However, due
to physical limits and constraints, they have not tested the proto-
type system on real buildings.
In India, the authors at the SETLabs, Infosys Technologies Ltd
study the iSense system to recognize two  states of a conference
room, namely, meeting state and no meeting state, by using a net-
work of wireless microphone, PIR, light, and temperature sensors
[62].
Another group in India, at the Centre for Energy Studies, Indian
Institute of Technology design a smart occupancy sensors which
can learn the variation in activity level of the occupants with respect
to time of the day. With this information, the system can change
the time delay (TD) with the time of the day. Thus, more energy can
be saved as compared to non-adapting ﬁxed TD sensors [63].
Zhen et al. [64] at the Tsinghua University, China implement a
system with multiple active RFID readers, and develop a localiza-
tion algorithm based on support vector machine (SVM), shedding
insight on lighting control for energy saving.
3.3. Other sectorsHosPilot [65] is a project started in 2009 that addresses the envi-
ronmental aspects of hospitals. The HosPilot aims to install and to
tune an ICT-based system that will signiﬁcantly reduce the energy
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√Fig. 2. Number of studies on each sector of buildings.
onsumption regarding lighting and HVAC in a hospital environ-
ent. Three pilots is executed in hospitals (in the Netherlands,
pain and Finland) during normal operation. HOMES program [47]
hooses hotels and schools as representatives for the goal of higher
nergy efﬁciency while maintaining comfort.
.4. Discussion
In summary, much attention has been given to residential and
fﬁce sectors, while only few research pays attention to buildings
f other types, namely, hospital, school, and public space. On the
ther hand, there is no research dealing with the retail sector, thus
here is no suggestion how user activity and behaviour inﬂuences
he way of saving energy in the buildings of this type. Fig. 2 summa-
izes the number of the analysed studies on each sector of buildings.
egarding the subsystems, all three subsystems which are main
nergy consumers in buildings, namely, HVAC, light, and plug loads,
raw the attention of the studies. [34,39],  and [30] inspect all three
ubsystems. Some other studies try to save energy for two  of the
ubsystems rather than focusing on one subsystem only. HVAC
nd light subsystems capture the attention of [51,61,65,46,41], and
19], meanwhile [37] and [25] pay their attention to light and plug
oads subsystems. At the same time, other works tackle the issue of
ne of the three subsystems. While [52,35],  [55,47,36,56,42], and
60] choose to deal with HVAC subsystem, [24,63,62,48],  and [59]
ocus on light subsystem. Last, [58,27,31,23,45,32,28],  and [49] save
nergy for plug loads subsystem. This information is summarized
n Table 2, which is reﬁned from Table 1 in order to provide a better
iew at how literature pays attention to the subsystems.
From a geographical perspective, the projects are mainly from
he United States and Europe with some studies that consider Chi-
ese or Indian cases, to the best of our knowledge there are no
tudies in Japan that consider energy intelligent building based on
ser activity. The countries whose studies are analysed together
ith the number of analysed studies for a given country is shown
n Fig. 3. The impression is that while in Europe and the U.S. there
s a growing concern about the preservation of the environment
nd more energy intelligent buildings are designed and researched.
owever, this trend is perceived to a lesser extent in Asia, where
ost countries are developing ones where few very expensive to
un high-rise buildings coexist with poor constructions. In these
ases, energy saving is often a minor requirement. As an interesting
xception, which we believe to be a sign of a new trend, we  mention
aipei’s 101 building2 which in the last year has transitioned to a
reener model. The solutions are basic and cannot really be consid-
red intelligent, though, they do provide for a substantial saving of
nergy over a yearly period.
2 http://www.taipei-101.com.tw/index en.htm[49]
Total 17 16 13 32
4. Energy saving potential
With respect to HVAC systems, many of the works use Ener-
gyPlus [66], one of the premier tools for modelling the energy of
buildings, to run their simulations, evaluating the potential energy
savings of HVAC control based on occupancy prediction. Even
though thermal comfort is a complex measurement that depends
on many aspects such as temperature, humidity, air velocity, occu-
pants clothing and activity [67]. Each of the studies in this survey
simulates its own  control strategy with different parameters, such
as the physical description of a building (including walls, ﬂoors,
roofs, windows and doors, each with associated construction prop-
erties such as R-Value of materials used, size of walls, location
and type of windows), the descriptions of mechanical equipment
(heating and cooling), the mechanical ventilation schedules, the
occupancy schedule, the other household equipment, air tem-
perature, radiant temperature, humidity, air velocity, occupants
clothing and activity, and so on.
For the above, this survey does not intend to compare the energy
saving potential between the studies. Nevertheless, the simulation
results show that occupancy-based control can result in 10–40% in
energy saving for HVAC system, see Fig. 4. In addition, other inves-
tigations also indicate that occupant satisfaction can be improved
using dynamic HVAC adaptation concept, [68] and [69]. The latter,
in turn, is attributed to productivity gains [6].
Regarding lighting systems, a previous survey [70] evidences
that up to 40% of the lighting electricity could be saved by adopting a
combination of modern control strategies, such as daylight harvest-
ing, occupancy sensing, scheduling and load shedding. Simulations
of the studies shown in Fig. 4 also conﬁrm such that high energy
saving potential from lighting control. [48] can potentially save
T.A. Nguyen, M. Aiello / Energy and Buildings 56 (2013) 244–257 251









8% of energy for lighting. At the second place comes [71] whose
nergy saving potential is 48% followed by [59] at 33% energy saving
otential. Moreover, individual visual comfort has been gradually
eceiving more attention than energy conservation in the energy-
fﬁcient lighting technologies. Studies conducted in typical ofﬁce
able 3
ctivities taken into account.
Application Occupancy 
Real-time Pattern prediction 
Lighting [29,48,50,59,61–64,73,71] [30,33] 
HVAC [55,61,62,76] [29,30,33,35,36,52–54,60,77
Plug  Loads [58,50,75] [30] ng potential.
environments have shown the positive correlation between light-
ing satisfaction and productivity of the occupants [72]. This trend
is also reﬂected on the focus of the surveyed studies [59,48],  and
[71]. Nevertheless, among 16 works that evaluate their energy sav-
ing potential only three evaluate their solution in a real test-bed
Occupants’ preferences No. of more detailed activities
Single-user Multi-user
[29,48,33,59,61,74,71] [40]: 5 [74]: 3
] [61,74,76] [74]: 3
[56] [75] [40]: 5 [49]: 3 [32]: 4













































cFig. 5. Number of studies that evaluate their energy saving potential.
r actual experiments (see Fig. 5), while some others deal with
nergy consumption apportionment or prediction instead of con-
rolling appliances. iSense [62] is able to save 13% of air conditioning
nd lighting electricity by alerting mechanism in place. The exper-
ment was carried out in three conference rooms of different sizes
nd shapes as a test bed. In [58], a real test-bed that includes two
CD displays, a laser printer, two powered speakers, a desk lamp,
 microwave, and a coffee pot is used to evaluate the energy sav-
ng potential of an occupancy-based control strategy for plug loads.
hile in calculating the savings, Garg et al. [63] have taken light-
ng load of four ﬂuorescent lamps (240 W).  Their smart occupancy
ensor saved 25% of energy consumption while ordinary occupancy
ensor saved 20% energy. Given this ﬁgure, 5% more energy can
e saved by using their occupancy sensor as compared to non-
dapting ﬁxed time-delay sensors. On the other hand, seven of
he works, as illustrated in Fig. 5, namely, [40,73,56,74,61,64], and
49] deal with activity or behaviour patterns recognition for energy
avings. Though, they have not shown any evaluation of potential
nergy savings. In addition, [32,75], and [30] choose to deal with
he apportionment and prediction of energy consumption.
iscussion
In summary, while conceptual beneﬁts of occupant-related
uilding control approaches have shown energy saving beneﬁts,
heir feasibility must be conﬁrmed in real-life installations. In par-
llel to optimizing energy consumption and performing automated
daptations, user comfort continues to be an essential success crite-
ia for ICT-based solutions. In addition, energy saving potential
xpressed in terms of percentage of saved kWh  is convenient for an
asier comparison. In fact, 20% savings if one starts at 250 kWh/m2a
s much different from starting at 20 kWh/m2a. Therefore, better
valuation metrics such as kWh/m2a should be used in order to
ave a fair evaluation of energy saving potential for energy intelli-
ent buildings.
. Activities taken into account
Occupant presence and behaviour in buildings have been shown
o have large impacts on space heating, cooling and ventilation
emand, energy consumption of lighting and space appliances,
nd building controls [4].  Real-time occupancy information has
ong been used for control of various devices like artiﬁcial light,
VAC devices, etc. Past research has shown that use of real-time
ccupancy information for control of lighting can save signiﬁcant
lectrical energy [7].  Recently, occupants’ individual preferences
ave received growing interest in order to not only save energy
ut also to satisfy user comfort with respect to lighting system.
ore importantly, predicted occupancy (and sleep) patterns play
 signiﬁcant role in the performance of the smart thermostat since
onditioning a room is not instantaneous and requires time forBuildings 56 (2013) 244–257
adjustments. Thus, much research has been focused on predict-
ing occupancy patterns for HVAC control. Furthermore, the total
number of building occupants should be taken into account as it
signiﬁcantly affects the performance of HVAC system. Table 3 sum-
marizes how reviewed studies take into account user activities and
behaviours.
5.1. Real-time occupancy information
Several projects investigate and improve the way  of using real-
time occupant location data for lighting control. In Europe, the
authors of [50] consider lighting devices as instantaneous resume
energy sinks (i.e., to the human eye, these devices switch power
state instantaneously). They use the room outlines as the relevant
spatial zones, and take advantage of the faster update rates asso-
ciated with ﬁne-grained 3-D ultrasonic tracking to minimise the
delay in turning on lights as a user enters.
In [76] and [38], a multi-agent system seeks to satisfy the prefer-
ences for an occupant’s room only when the occupant is present in
the building. The system attempts to conserve energy by automat-
ically reducing the temperature for an occupant’s room when the
occupant is not in the building. In the U.S., the authors in [73] pro-
pose using a belief network to improve the accuracy for occupancy
detection within buildings.
With iSense [62], the authors use the occupancy information,
air conditioning system and lights’ state to determine when the
air conditioning system and lights are turned on when meetings
do not actually take place. In other words, there is the wastage
of electricity with the air conditioning and lighting systems being
operational even when the rooms are unoccupied. Garg et al. [63]
and Delaney et al. [48] improve the estimates of simple occupancy
sensors by adapting to changing activity levels according to the
time of day. Zhen et al. [64] propose a system that can localize
the occupant to the correct region with an average accuracy of
93.0%.
5.2. Real-time together with occupant’s preferences
Real-time location information alone is not enough for effective
building energy and comfort management. This issue is especially
true for lighting system as they affect user’s visual comfort. The
reason is that most of the commercially available occupancy sen-
sors use a timeout for turning off the lights after the last motion
is detected by the sensor. A 30 min  timeout is common and some-
times it is adjustable in the range of 5–30 min. However, if the
timeout is very small, the lights may  turn off while users are
still present, which can be annoying to users. By contrast, if the
timeout is longer than necessary, the lights are still on when the
room is not occupied, which may  result in energy wastage. Thus
occupants’ individual lighting preferences should be taken into
account. Both [59] and [71] keep track of occupants’ location and
try to optimize the trade-off between fulﬁlling different occupants’
light preferences and minimizing energy consumption. In a similar
approach, Chen et al. [61] propose a smart building control system
that is able to keep track of workers’ real-time location in an ofﬁce
and retrieve their personal preferences of lighting, cooling, and
heating.
Instead of using occupant’s preference, Newsham and Ben-
jamin [56] use the total number of building occupants to forecast
the power demand of the building in which a measure of building
occupancy was  a signiﬁcant independent variable and increased
the model accuracy. The total number of building occupants is also
used in [75] to apportion the total energy consumption of a building





















































tT.A. Nguyen, M. Aiello / Energ
.3. Prediction of occupancy patterns
Temperature control has a long response time to power state
hanges and demands a predictive approach [50]. Therefore, much
esearch focuses on predicting occupancy patterns for HVAC con-
rol: AIM [29], and [30] in Europe and the UK; IntelligentLighting
59], IBMIntelligentBuilding [61], ACHE [33], the self-programming
hermostat [35], the smart thermostat [36], OBSERVE [54], and the
esearch of Bing Dong and his colleagues [77] are conducted in the
.S.
The AIM system creates proﬁles of the behaviour of house
nhabitants and through a prediction algorithm AIM is able to auto-
atically control home appliances (mainly devices used for space
eating/cooling, lighting) according to the users’ habits. When
sers change their habits due to unpredictable events, the AIM sys-
em detects wrong predictions analysing in real time information
rom sensors and modiﬁes system behaviour accordingly.
Hawarah et al. [30] deal with the problem of the prediction of
ser behavior in a home automation system. The goal of this project
s to predict future users requests on energy needed in order to
void some problems like peak consumption.
ACHE uses various predictors,  attempting to determine the
urrent state and forecast future states. Examples of predictions
nclude expected occupancy patterns in the house over the next
ew hours, expected hot water usage, and likelihood that a zone
ill be entered in the next few seconds [33].
Gao et al. [35] seek to use coarse predicted occupancy data (leave
ome, return home) to drive a self-programming thermostat for the
ome environment.
In [36], the authors propose a model to estimate the probability
f being home in one of three states: (1) unoccupied, (2) occu-
ied with an occupant awake, and (3) occupied with all occupants
sleep. The state information is then used for residential buildings
nd to examine reactive and predictive control strategies of the
mart thermostat.
Erickson et al. construct several models in [52,54],  and [53] for
redicting user mobility patterns in buildings. Using these models,
hey can predict room usage, thereby enabling to control the HVAC
ystems in an adaptive manner.
Bing Dong and his colleagues introduce and illustrate a method
or integrated building heating, cooling and ventilation control to
educe energy consumption and maintain indoor temperature set
oints, based on the prediction of occupant behaviour patterns and
ocal weather conditions in [60], and [77].
.4. Detailed activities
More detailed activities which are typical of building/home
resence (e.g., working with or without PC, having a meeting,
atching TV, using coffee maker) may  affect comfort. In addition,
nergy efﬁciency can be achieved if one can control plug loads (e.g.,
CD, TV, multimedia entertainment devices, a coffee maker).
iDorm [74] is able to recognize three activities of a person,
amely, sleeping, working, and entertaining. The system is also able
o learn users’ preferences, to predict users’ needs (e.g., light inten-
ity, temperature), and to self-adjust system behaviour (including
ighting, heating, and cooling) when users change their habits.
[40] and [49] try to automatically recognize typical activities
f ofﬁce presence and use the recognized activities as drivers to
ontrol the lighting system and plug loads to save energy. [40]
ecognizes ﬁve typical activities, namely, working with/without PC,
aving a meeting, presence, absence, while the typical activities
ecognized in [49] are working, sleeping, and entertaining. Like-
ise, for the sake of controlling plug loads, the activity monitoring
ubsystem of SPOTLIGHT in [32] identiﬁes who  and which activi-
ies happen in the area of interest in the home environment. TheBuildings 56 (2013) 244–257 253
identiﬁed activities are watching TV, using coffee maker, and using
living lamp/bedroom lamp.
5.5. Discussion
In summary, present energy intelligent buildings mostly use
occupancy information for control strategies. Real-time occupancy
information is well suited to the lighting system. It is estimated
that energy expended on lighting could be cut by around 50% [50].
Additionally, research pays signiﬁcant attention to occupants’ indi-
vidual lighting preferences to maximize occupants’ satisfaction.
Along these lines, BECM systems should be designed to reduce
energy consumption under the constraint of satisfying user com-
fort in order to improve user acceptance of the system. Temperature
control has a long response time to state changes and demands a
predictive approach. As a result, much research focuses on propos-
ing smart thermostats based on occupancy prediction approaches.
6. Methodologies and technologies
Activity recognition has attracted increasing attention as a
number of related research areas such as pervasive computing,
intelligent environments and robotics converge on this critical
issue. It is also driven by growing real-world application needs in
such areas as ambient assisted living and security surveillance. For
further information about existing approaches, current practices
and future trends on activity recognition, the readers are suggested
to read intensive surveys in the ﬁeld, such as [78] or [12]. We  review
here in this survey the most common technologies and approaches
for indoor activity recognition for energy saving in building.
6.1. Technologies
Wireless sensor networks are the common approach of the var-
ious projects to address user activity recognition. Furthermore,
most of the projects stress the requirement of not resorting to any
advanced sensors, such as cameras, which are expensive and gener-
ate privacy concerns or require changes in user behaviour, such as
cameras, RFID tags, or wearable sensors. Instead, simple, wireless,
binary sensors are favoured since they are cheap, easy to retroﬁt in
existing buildings, require minimal maintenance and supervision,
and do not have to be worn or carried.
Simple sensors are used in many energy intelligent buildings
in the interest of activity recognition. For instance, PIR-based sen-
sors are often used (especially with lighting system) for occupancy
detection. The sensors are connected directly to local lighting ﬁx-
tures. These PIR sensors are also simple movement sensors and
often cannot actually determine if the room is occupied or not.
Padmanabh et al. [62] investigate the use of microphones and
PIR sensors for the efﬁcient scheduling of conference rooms. In [48],
Delaney et al. use PIR-based wireless occupancy sensors to measure
wasted energy in lighting even when there are no occupants. In the
AIM Project, authors suggest to measure some physical parameters
like temperature and light as well as user presence based on PIR
sensors in each room of a house [29]. Gao et al. [35] seek to use
coarse occupancy data (leave home, return home) to drive a self-
programming home thermostat. With the goal of providing input
to a control strategy for energy savings in ofﬁce buildings, [40] per-
forms indoor activity recognition by using simple sensors (infrared,
pressure and acoustic). [36] uses occupancy sensors (PIR sensors
and door sensors) to automatically turn off the HVAC system when
the occupants are sleeping or away from home. Agarwal et al. chose
to build their occupancy platform using a combination of sensors:
a magnetic reed switch door sensor and a PIR sensor module [55].
In [56], to gather data related to total building occupancy, wire-
less sensors are installed in a three-storey building in eastern
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ntario, Canada comprising laboratories and 81 individual work
paces. Contact closure sensors are placed on various doors, PIR
otion sensors are placed in the main corridor on each ﬂoor, and
 carbon-dioxide sensor is positioned in a circulation area. In addi-
ion, the authors collect data on the number of people who log in
o the network on each day. Marchiori et al. [58]. use a simple tail-
red occupancy solution to their ofﬁce environment. Each room is
utﬁtted with one PIR sensor and one door sensor (magnetic reed
witch). In [74], pressure pads are used to measure whether the
ser is sitting or lying on the bed as well as sitting on the desk
hair. At the same time, a custom code that publishes the activity
n the IP network senses computer-related activities of the user.
he activities are (1) running the computer’s audio entertainment
ystem, and (2) using video entertainment on the computer (either
 TV program via WinTV or a DVD using the Winamp program).
In some other research of the ﬁeld, more advanced systems
hat use active badge, cameras, and vision algorithms have been
resented. Erickson et al. propose a wireless network of cam-
ras to determine real-time occupancy across a larger area in a
uilding, [54,52]. In [59,76,38,61], and [64], the occupants should
e equipped with sensor badges, with which it is possible to
chieve relatively accurate localization using, for example, RFID
ags, however [59,76], and [61] consider user tracking as a black-
ox problem. Similarly, in SPOTLIGHT [32], the authors present a
rototype system that can monitor energy consumption by indi-
iduals using a proximity sensor, while the building used in [50]
s featured with an ultrasonic location system that is a 3D location
ystem based on a principle of trilateration and relies on multiple
ltrasonic receivers embedded in the ceiling and measures time-
f-ﬂight to them. The location system provides three-dimensional
racking solution.
The authors in [30] use a database obtained from residential
onitoring to decrease energy use and carbon emissions in Europe
REMODECE) which is a European database on residential con-
umption, including Central and Eastern European Countries, as
ell as Bulgaria and Romania. A method based on Bayesian Net-
ork is proposed to predict future users requests on energy needed.
[75] uses the entry-exit logs of the building security system.
n algorithm is used maintain a stable estimate of the building
opulation. In [71], the users’ location is associated statically with
heir own workspace. The locations are used as input for optimizing
nergy savings and user satisfaction.
.2. MethodologiesOn the one hand, logical inference of sensor data approach
s usually used to detect real-time occupancy. As summarized in
able 4, almost all of the projects ([29,40,48,35,36,55,56,58,62],  and
74]) choose to use simple sensors and logical inference of sensor
able 4




Logical inference from sensor data 
Neural network 
Fuzzy-logic-based 
Bayesian: Markov chain 
Bayesian network 
Bayesian: Belief network 
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data approach. On the other hand, Bayesian inference techniques
are usually used to predict the behaviour patterns of the user. In AIM
system, Barbato et al. build user proﬁles by using a learning algo-
rithm that extracts characteristics from the user habits in the form
of probability distributions. Sensor network collects 24 h informa-
tion about users presence/absence in each room of the house in a
given monitoring period (i.e., week, month). At the end of the mon-
itoring time the cross-correlation between each couple of 24 h data
presence is computed for each room of the house in order to clus-
ter similar daily proﬁles [29]. While Bayesian networks is used in
[49] to support prediction of user behaviour patterns. The authors
also propose the use of acoustic data as context for predicting ﬁner-
grained user behaviour.
Whereas, in OBSERVE [54,52],  Erickson et al. construct a multi-
variate Gaussian model, a Markov Chain model, and an agent-based
model for predicting user mobility patterns in buildings by using
Gaussian and agent based models. The authors use a wireless cam-
era sensor network for gathering traces of human mobility patterns
in buildings. With this data and knowledge of the building ﬂoor
plan, the authors create two prediction models for describing occu-
pancy and movement behavior. The ﬁrst model comprises of ﬁtting
a multivariate Gaussian distribution to the sensed data and using
it to predict mobility patterns for the environment in which the
data is collected. The second model is an agent based model (ABM)
that can be used for simulating mobility patterns for develop-
ing HVAC control strategies for buildings that lack an occupancy
sensing infrastructure. While the Markov Chain is used to model
the temporal dynamics of the occupancy in a building.
In [30] the authors propose a general method to predict the
possible inhabitant service requests for each hour in energy con-
sumption of a 24 h anticipative time period. The idea is based on the
use of the Bayesian network to predict the user’s behavior. Exploi-
ting algorithms based on fuzzy logic, in [74] a system able to learn
users preferences, to predict users needs (e.g., light intensity, tem-
perature), and to self-adjust system behavior when users change
their habits is proposed. Neural networks are adopted also in [33]
to create a system able to control temperature, light, ventilation
and water heating.
Davidsson develops an MAS  for decision making under uncer-
tainty for intelligent buildings, though this approach requires
complex agent [38]. The system allocates one agent per room and
the agents make use of pronouncers (centralized decision sup-
port), where decision trees and inﬂuence diagrams are used for
decision-making. Similarly, the iDorm [74] learns and predicts the
user’s needs ability based on learning and adaptation techniques for
embedded agents. Each embedded agent is connected to sensors
and effectors, comprising a ubiquitous-computing environment.
The agent uses our fuzzy-logic-based incremental synchronous
learning (ISL) system to learn and predict the user’s needs, adjusting
ireless sensor networks
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Table  5
Literature review summary.
Subsystem/Feature HVAC Lights Plug loads
Up to 40%. Up to 40%. Energy saving potential should
be evaluated.
Energy saving potential There is a vital need to evaluate the BECM framework in real-world situations.
A  good evaluation metric (such as kWh/m2a or kWh/m3a) should be used.
Activities taken into account Smart thermostat should be



















































fMethodologies and Wireless sensor networks are today c
technologies
he agent controller automatically, non-intrusively, and invisibly
n the basis of a wide set of parameters (which is one requirement
or ambient intelligence).
In [73], the authors propose a belief network for occupancy
etection within buildings. The authors use multiple sensory input
o probabilistically infer occupancy. By evaluating multiple sen-
ory inputs, they determine the probability that a particular area
s occupied. In each ofﬁce, PIR and telephone on/off hook sensors
re used to determine if rooms are in occupied states. The authors
se Markov chains model the occupied state of individual rooms as
 Markov Chain, where the transition matrix probabilities are cal-
ulated by examining the exponential distribution of the sojourn
imes of the observed states.
.3. Discussion
In building energy and user comfort management area, wire-
ess sensor networks can play an important role by continuously
nd seamlessly monitoring the building energy use, which lays
he foundation of energy efﬁciency in buildings. The sensor net-
ork provides basic tools for gathering the information on user
ehaviour and its interaction with appliances from the home envi-
onment. The sensor network can also provide a mechanism for
ser identiﬁcation (so that different proﬁles can be created for the
ifferent users living in the same apartment/house). The sensor
etwork can be implemented using several available technologies.
n addition, in contrast to other smart home applications, such as
edical monitoring and security system, the domain of energy con-
ervation can tolerate a small loss in accuracy in favour of cost and
ase of use. Therefore, an energy intelligent building might not
equire cameras or wearable tags that may  be considered intru-
ive to the user. Nevertheless, wireless sensor networks are today
onsidered the most promising and ﬂexible technologies for creat-
ng low-cost and easy-to-deploy sensor networks in scenarios like
hose considered by energy intelligent buildings.
. Conclusions and future perspectives on user activity as
art of energy intelligent buildings
Current situations show that building control is mainly done
anually, from switching lights and appliances to control heat-
ng systems seasonally. Building automations are typically limited,
uch as lighting control with simple motion detection and a ﬁx
imeout or indoor climate control based on temperature and CO2
evel. However, user activities and behaviours have large impact on
nergy consumed in all sectors of buildings (i.e. residential, ofﬁces
nd retail sectors). Signiﬁcant amount of energy spent for these
uildings can be saved by regulating installations and appliance
ccording to actual needs. In order to realize this approach, user
ctivities and behaviours are required as the most important input
or building automation systems.should be used.
red the most promising and ﬂexible technologies.
The designers of energy intelligent buildings aim to realize a
BECM solution that addresses the challenge of energy-aware adap-
tation from basic sensors and actuators up to embedded software
for coordinating thousands of smart objects with the goals of energy
saving and user support. In parallel to optimizing energy consump-
tion and performing automated adaptations, we try to maximize
user productivity, comfort and satisfaction. We  claim that, in order
to make buildings truly adaptable and maximize efﬁciency and
comfort, they need to be more aware to the activities of the users
and to the context of their environment.
This paper provides a novel survey of prominent international
intelligent buildings papers and projects with the theme of energy
saving and user activity recognition. The paper also determines the
most valuable activities and behaviours and their impact on energy
saving potential, discussing the most promising and appropriate
activity recognition technologies and approaches for scenarios like
those considered by energy intelligent buildings. Table 5 summa-
rizes the lessons learned and conclusions from this survey that, in
turn, suggest the realization of an effective BECM system, which we
list next:
• For substantial savings in building energy consumption, no static
assumptions should be made about a building’s use. Dynamicity
is an essential property to achieve energy efﬁciency in buildings.
• In parallel to optimizing energy consumption and performing
automated adaptations, user comfort continues to be an essential
success criterion for ICT-based solutions in order to improve user
acceptance of the system.
• Concluding from the analysed studies, occupancy-based con-
trol can result in up to 40% in energy saving for HVAC system.
Regarding lighting systems, also up to 40% of the lighting
electricity could be saved by adopting a combination of mod-
ern control strategies, such as daylight harvesting, occupancy
sensing, scheduling and load shedding. However, while concep-
tual beneﬁts of occupant-related building control approaches
have shown energy saving beneﬁts, their feasibility must be con-
ﬁrmed in real-life installations. There is a vital need to evaluate
the BECM framework in real-world situations. This will include a
concrete evaluation as well as a good evaluation metric, such as
kWh/m2a or kWh/m3a, of power consumed by the total system
in order to evaluate the energy saving potential.
• Much research pays signiﬁcant attention to occupants’ individual
lighting preferences for maximum occupants’ comfort and satis-
faction, while many studies have been focusing on proposing a
smart thermostat based on occupancy prediction approaches.
• In contrast to other smart home applications, such as medical
monitoring and security system, the domain of energy conserva-
tion can tolerate a small loss in accuracy in favour of cost and ease
of use. Therefore, an energy intelligent building might not require
cameras or wearable tags that may  be considered intrusive to
the user. Instead, wireless sensor networks are today consid-
ered the most promising and ﬂexible technologies for creating
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low-cost and easy-to-deploy sensor networks in scenarios like
those considered by energy intelligent buildings.
Activity-awareness is to be achieved through ubiquitous sensing
and data processing. However, since this is a new way of thinking
about buildings, validated insights and user requirements need
to be developed.
In addition, our strong belief is that further building context
nformation is needed for more effective BECM systems and that
nergy intelligent buildings should be ready to take advantage of
mart Grid.
User context enables highly-effective building energy and com-
ort management. However, this knowledge alone is not sufﬁcient
nough and further building context information is needed for
ore effective BECM systems. In this context, the Greenerbuild-
ngs project [39] speciﬁcally emphasises occupant activity and
ehaviour as a key element for adaptation as well as addresses other
uilding context information.
The Smart Grid promises to not only provide for a more reli-
ble distribution infrastructure, but also give the end-users better
ricing and information. It is thus interesting for energy intelligent
uildings to be ready to take advantage of features such as dynamic
nergy pricing and real-time choice of operators, together with user
nd building context information. Along this line, we propose a sys-
em that monitors and controls an ofﬁce environment and couples
t with the Smart Grid [79].
Energy-intelligent buildings can respond to their actual use and
hanges in their environment. Energy-intelligent buildings based
n user activity should be able to recognize occupant activity and
uilding context, and to adapt buildings for saving energy. This
eview shows that many projects are still in the prototype stage,
ut will soon make the transition from research to viable industrial
roducts and broad applications.
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